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ABSTRACT 

Tropical cyclone model experiments are summarized in which the drag coefficient and the analogous exchange 
coefficients for sensible and latent heat are varied. During the early portions of the immature stage, the response of 
the model storm follows linear theory and growth is more rapid with larger drag coefficients. However, the ultimate 
intensity reached by model storms varies inversely with the drag coefficient. The experiments indicate that air-sea 
exchanges of latent heat are crucial for the development and maintenance of the model storm. The air-sea exchange 
of sensible hept appears to be far less important. 

Experiments conducted wlth open lateral boundary conditions revealed that the structure and intensity of the 
mature stage of the model cyclone is relatively insensitive to  the initial perturbation and to  the size of the computa- 
tional domain. The time required to reach the mature stage is, however, quite sensitive to these influences. 

Comparisons between experiments with open and mechanically closed lateral boundaries show the lateral boundary 
conditions to be extremely important. For computational domains of 2000 km or less, model cyclones with closed 
lateral boundaries are less intense than their counterparts with open lateral boundaries. However, the intensity of 
the closed systems increases markedly with domain size and the experiments suggest that  differences due to boundary 
conditions might be minimized if the domain size exceeded 2000 km. 

1. INTRODUCTION 
This paper summarizes a new series of experiments 

conducted with the circularly symmetric tropical cyclone 
model described by Rosenthal (1970b). Recent studies 
with a three-dimensional model (Anthes et al. 1971a, 
1971b) indicate that many symmetric results can be ex- 
trapolated to the asymmetric case and, therefore, justify 
continued experimentation with symmetric models. 

The new experiments are based on a version of the 
symmetric model which differs from that described by 
Rosenthal (1970b) only in one important aspect. Whereas 
air-sea exchanges of sensible and latent heat were pre- 
viously simulated by some rather pragmatic constraints 
on the Ekman layer humidities and temperatures, these 
energy fluxes are now computed explicitly by the bulk 
aerodynamic method. Details are given in section 2. 

Comparisons of the physical and numerical character- 
istics of this model and those of Ooyama (1969) and 
Yamasaki (1968) were presented earlier (Rosenthal 1970b) 
and need not be repeated here. More recently, a new sym- 
metric model (Sundqvist 1970) has appeared in the 
literature. There are a number of differences between 
Sundqvist’s model and ours; the most prominent of which 
is his use of the gradient d n d  assumption. In  our system, 
the primitive equations govern the horizontal motion. 
Sundqvist works in the p-system in contrast to our z- 
system, but he has better vertical resoluticin (10 levels 
spaced a.t 100-mb intervals in contrast t o  our seven 
irregularly spaced levels). Radial resolution is 25 km in 
Sundqvist’s model, while niost of our calculations are 
performed with a radial increment of 10 km. 

Section 2 of this paper gives a verbal description of the 
model and also presents the formulations of the air-sea 
exchanges of sensible and latent heat that have now been 
adopted. Section 3 describes a basic (control) experiment 
that serves as a oomparison for the later experiments. 

Section 4 is concerned with the interesting dual role 
played by surface drag friction in hurricane dynamics; 
frictional convergence of wa,ter vapor in the Ekman layer 
drives the organized cumulus convection but, on the other 
hand, drag friction a t  the air-sea interface is the prime 
dissipater of kinetic energy for mature tropical cyclones. 

The still controversial problem (Dergarabedian and 
Fendell 1970) of the significance of air-sea exchanges of 
sensible and latent heat is the topic of section 5. I n  general, 
the experiments discussed in sections 4 and 5 qualitatively 
confirm conclusions reached by Ooyama (1969). I n  view 
of substantial differences in the physical and numerical 
details of the two models, their qualitative agreement is 
an important matter which lends credence to both models. 

Section 6 is concerned with some of the more arbitrary 
aspects of the model such as lateral boundary ccnditions, 
initial conditions, and radial extent of the computational 
domain. Finally, section 7 reviews the main conclusions of 
the paper. 

9. REVIEW OF THE MODEL 

A brief description of the main features of the model is 
given below. The reader concerned with mathematical 
details should refer to  Rosenthal (1970b). The vertical 
structure of the atmosphere is represented by seven levels 
and geometric height is the vertical coordinate. The levels 
correspond to pressures of 1015, 900, 700, 500, 300, 200, 
and 100 mb in the mean tropical atmosphere. All varia- 
bles are defined at  all levels. The primitive equations 
govern the horizontal motion. The hydrostatic assump- 
tion is employed. 

The continuity equation is simplified as follows. The 
local rate of change of density is neglected and a clima- 
tological density (a function of height alone) is used to  
evaluate the vertical and horizontal mass flux terms. We 
then eliminate the external gravity wave by demanding 
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that the vertical integral of the horizontal mass diver- 
gence vanish. 

I n  the control experiment, the radial limit of the com- 
putational domain is 440 km. The system is open at  the 
lateral boundary. The lateral boundary conditions re- 
quire the relative vorticity and horizontal divergence to 
vanish. In  addition, the radial derivatives of potential 
temperature and specific humidity are also required to 
vanish. 

Through a generalization of the procedure suggested 
by Kuo (1965), the model simulates convective precipi- 
tation (and the macroscale heating due to this latent 
heat release) as well as the enrichment of the macroscale 
humidity due to the presence of the cumuli. Convection 
may originate in any layer, provided that the layer has a 
water vapor supply from horizontal convergence and that 
conditional instability exists for parcels lifted from the 
layer. Nonconvective precipitation is also simulated. De- 
tails are given by Rosenthal (1970b). 

Time derivatives are estimated by forward differences 
except in the case of specific humidity, where a Matsuno 
(1966)-type integration is employed. Advective deriva- 
tives are calculated by the upstream method except for 
the case of humidity, where a conservation form of the 
equations is used. All nonadvective space derivatives are 
calculated as centered differences. 

Grid points in the radial direction are staggered. Hori- 
zontal velocity is defined at  the radii 

~ i = ( j - - l ) A ~ ,  j-1,  2 . . . . (1) 

Temperature, pressure, vertical motion, and humidity 
are carried at  the radii 

rj=(j-$)A~, j=1, 2 .  . . . (2) 

The constant drag coefficient ((70) of 3X10-3 used in 
previous experiments (Rosenthal 1969, 1970a, 19706) has 
been replaced with Deacon's empirical relationship (Roll 
1965, p. 160). The latter may be written 

CD=1.1x 10-3+4.0X 10-5)v101. (3) 

The symbol lVlol denotes the wind speed 10 m above the 
sea surface. In  the model, the sea-level wind is used to  
evaluate CD. 

The sensible and latent heat fluxes at  sea level are cal- 
culated, respectively, from 

(4) 
and 

(5) 

Fs = [PQpc~l Viol ( Tseu- T )  I r=O 

Fz= [PLCLI VI01 (nsea-d I r=o .  

Here, Cs and C, are exchange coefficients for sensible and 
latent heat analogous to C,, T,,, is the sea surface tempera- 
ture, qsea is the saturation specific humidity at the tempera- 
ture and pressure of the sea. The remainder of the sym- 
bols are standard. Equation (4) is used only when 
(Ts,,-T),=o>O. In  other circumstances the flux is zero. 
When ( Q ~ ~ , - Q ) ~ = ~ < O ,  the latent heat flux is zero. 

In  the basic experiment, Cs=CL=CD. The flux con- 
vergences that appear in the thermodynamic and water 

TABLE I.-Standard values of thermodynamic variables 

- - 
Height e T P Level 

(m) (OK) (OK) (mb) 
1 0 300 301.3 1016.0 
2 1,064 303 294.1 900.4 
3 3,187 313 282.6 699.4 
4 6,898 326 266.6 499.2 
6 9,697 340 240.8 299.2 
6 12,423 347 218.9 199.6 
7 16,621 391 203.1 101.1 

vapor continuity equations are evaluated through the 
assumption that the fluxes have a linear variation over 
height and are zero at  and above the height of the 900-mb 
level. This is based on the assumption that at  900 mb and 
above, fluxes produced by small-scale turbulence are 
i n s i m c a n t  in comparison to those produced by cumulus- 
scale motions. 

The sea temperature is an external parameter and,' for 
experiments discussed here, is taken 2'K greater than the 
initial sea-level air temperature (the latter is initially 
horizontally uniform for all experiments). Since the sea-level 
air temperature varies with time according to the thermo- 
dynamic equation, the air-sea temperature difference 
varies both with radius and time as the model hurricane 
evolves. In  our basic experiment (section 3), the sea-level 
air temperature approaches the sea temperature before 
rapid development begins. Subsequent experiments, as 
well as a recent linear analysis by Rodenhuis (1971), have 
indicated that an important aspect of the boundary layer 
is its static stability. The model yields a somewhat more 
rapid development (in comparison to the basic experiment, 
section 3) when the initial sea-level air temperature is 
taken 2OK warmer than in the basic experiment but with 
the same sea temperature. 

3. THE BASIC EXPERIMENT (EXP. 9 5 )  

The initial conditions for this experiment are those used 
for our previous (Rosenthal 1970b) calculations. They are 
established as follows. A field of standard potential tempera- 
tures [a function of height alone and almost identical 
to those of the Hebert and Jordan (1959) mean hurricane 
season sounding] is specified. With a lower boundary 
condition of 1015 mb, hydrostatic standard pressures and 
temperatures (table 1) are computed for the levels above the 
surface. 

The initial temperature field is then specified by 

T ,  ,=T,+T, cos U r,+l sin - U z i  
( r  1 27 

where - i and j are, respectively, height and radial indices, 
Ti is the standard temperature, T,=O.l6'K, $=440 km, 
and z7 is the height of level 7. These are given in table 1. 
Theinitial pressure at  level 7 is then taken to be the standard 
value and the hydrostatic equation is integrated down- 
ward to obtain the remainder of the initial pressure 
field. Finally, the gradient wind equation is solved for 
the initial tangential wind while the initial radial and 
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TABLE 2.-Initial values of relative humidity at the information levels 

- 
gl015- 
I 

Eloo5 
I n -  

a . -  
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p 995- 

E 975- 
w -  

965- 

Level Height Relative humidity 

I 1 ~ 1 ‘ 1 ~  - 

- EXP. S35 - 

- - 

- 

I I I I I ,  
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1,064 
0 

3,187 
6,899 
9,697 

12,423 
16,621 

vertical motions are taken to be zero. A base state relative 
humidity is specified as a function of height (table 2). 
By use of the data given in table 1, a base state specific 
humidity is’ calculated. The initial specific humidity is 
then assumed horizontally homogeneous and equal to  
this base state value. 

The initial surface wind reaches a maximum of 7 mis 
a t  a radius of 250 km. The central pressure of the vortex 
is 1013 mb. Since the initial conditions are clearly arbi- 
trary, the early portions of the time integration are not 
particularly significant. This matter will be reconsidered 
later. 

Radial resolution for the basic experiment is 10 km 
and the time step is 2 min. A lateral mixing coefficient of 
2.5X103m2 s-’ is used for momentum, heat, and water 
vapor. 

Figure 1 summarizes the control storm’s evolution at  sea 
level.’ The “organizational” period is about twice as long 
as that found in our previously published results (Rosen- 
thal 1970b). This is primarily a result of replacing the 
constant drag coefficient (3 X with the variable CD 
given by eq (3). Linear analysis (Ooyama 1969, Rosenthal 
and Koss 1968) shows growth rates for models of this 
general type to be directly proportional to the drag co- 
efficient. From eq (3), the largest C, at  the initial instant 
is about 1.38X1OW3 and this is less than half the constant 
3X10-3 used in the previous calculations. Equation (3) 
does not yield a CD of 3X10-3 until a wind of 47.5 mjs is 
reached. 

The time needed for the model cyclone to become or- 
ganized is also highly sensitive to the arbitrary initial 
conditions. Rosenthal (19706) showed that enrichment of 
the initial humidity field could shorten the organizational 
period by several days. Ooyama (1969) showed that varia- 
tions of the scale of the initial perturbation strongly 
affected the length of this period while Anthes et al. 
(1971b) showed a relationship between the intensity of the 
initial perturbation and the length of the organizational 
period. The latter is revealed by figure 2 where we show 
the result of an experiment (Q2) in which T*[eq (6)l was 
three times the value used for the control experiment. 
This provided a maximum initial wind approximately 
twice that of the control. The organizational period for Q2 
is only 24 hr and peak intensity is reached at  120 hr. 

Pressure is not defined at zero radius because of the grid staggering leq (1) and (2)]. 
Central pressure values presented in this paper are pressure values at z = O ,  r=Ar/Z. 

Rosen tha I 
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FIGURE 2.-Maximum surface wind as a function of time for 
experiment Q2. The initial maximum surface wind for this 
experiment is twice as strong as for the control. 

Despite differences in the histories, the peak intensities for 
S35 and Q2 differ only by 1.5 m/s. 

The material presented in the last few paragraphs 
indicates that the length of the organizational period, as 
given by model calculations, is only of significance when 
experiments are compared against each other. Ramage’s 
(1970) comments concerning the unrealistic length of the 
organizational period of some of Ooyama’s (1969) experi- 
ments would, therefore, appear t o  be irrelevant since 
Ooyama’s calculations are based on hypothetical initial 
data. Ramage’s point, of course, will become highly 
pertinent when models reach a level of sophistication that 
justifies their application to real data. 

Figures 3, 4, 5, 6, and 7 illustrate structural features of 
the basic experiment (at 312 hr) that are representative of 
the period between 240 and 336 hr. The wind field (fig. 3), 
while similar to those obtained previously, is somewhat 
smoother and the thermal structure (fig. 4) is substantially 
improved (cf. fig. 7, Rosenthal 1970b). The weak warm 
center at  low elevations and large radii is produced by sub- 



770 MONTHLY WEATHER REV1 EW 
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EXR S35 312 HOURS 
RELATIVE HUMIDITY (PERCENT) 

FIQURE 

JOC 

BOC 

3.-Cross section of wind speed at hour 312 
535. Isotachs are labeled in m/s. 

EXP. S35 312 HOURS 
TEMP. ANOMALY @) 

900 8oo/ iq  , , , ,e;;] 
1015 

0 20 40 60 80 100 
RADIUS (KM)  

of experiment 

FIGURE 4.-Cross section of temperature anomalies at hour 312 of 
experiment S35. Isotherms are labeled in “C. 

EXP. s35 312 HOURS 
VERTICAL VELOCITY (CM/S) 

FIGURE 5.--Cross section of vertical velocity a t  hour 312 of ex- 
periment S35. Isotachs are labeled in cm/s. Hatched areas 
indicate negative values (subsidence). 

sidence (fig. 5) while the low-level cool pocket near the 
stoi-ni center is a result of a slight excess of adiabatic 
cooling over the sum of the convective heating and the 
air-sea exchange of sensible heat. We note that empirical 
evidence in support of low-level cold pockets near the 
storm center exists (Hawkins and Rubsam 1968, Col6n 
et al. 1961). The vertical motions (fig. 5) show a more 
distinct region of subsidence (“eye”) at  the storm center 
than found in our previous experiments. 

The relative humidity (fig. 6) shows saturation in the 
region of major upward motion. This region is an analog to 
the eye wall. An upper tropospheric tongue of saturation 
extends outward to  large radii and appears to be analogous 
to  the cirrus canopy. The humidity pattern is highly 

RADIUS I K M )  

FIGURE 6.-Cross section of relative humidity (percent) at hour 312 
of experiment S35. Saturated areas are hatched. 
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FIGURE 7.-Cross section of the mass transport Stokes’ stream 
function at hour 312 of experiment 53.5. Streamlines are labeled 
in kg/s. No streamlines are drawn inside the 10-km radius. 

correlated to the meridional circulation as revealed by the 
Stokes’ stream function for mass transport (fig. 7).  

The midtropospheric humidity minimum near 60-km 
radius is very nearly coincident with the circulation center 
revealed by figure 7’. Relative humidity values in this 
region are only 20 percent or so greater than the initial 
values. The dry tongue extending to large radii at  low 
elevations is associated with the subsidence already noted. 

Detailed histories of various integral properties are n o t  
presented since these are similar to  those previously pub- 
lished (Rosenthal 1970b). Tables 3 and 4 do, however, 
make some comparisons between the mature stage of the 
model and that of hurricane Daisy (1958). The data for 
hurricane Daisy are taken from Riehl and Malkus (1961). 
In view of the observational uncertainties in the empirical 
estimates and the natural storm-to-storm variability [cf. 
estimates by Riehl and Malkus (1961) with Hawkins and 
Rubsam (1968) and Miller (1962)], the agreement between 
the model values and those for hurricane Daisy is as good 
as can be expected. 

4. DUAL ROLE OF WE DRAG COEFFICIENT 
Linear analysis shows growth rates to  be directly pro- 

portional to  the drag coefficient, as already noted, and to 
the boundary layer humidity (Qoyama 1969, Rosenthal 
and Koss 1968). From the point of view of water vapor 
supply, this result is entirely logical since the primary 
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TABLE 3.-Sensible heat flux and evaporation rates for 1958 hurricane 
Daisy and experiment 556 at S l d  hr. Rainfall rates for experiment 
556 are also shown. 

Rosen t ha I 771 

Average model values 
for radial interval 
0-100 km at 312 hr 

Average values for 
hurricane Daisy for 
radial interval 0-80 

n.mi. on Aug. 27,1958 

Sensible heat flux (cal . cm-2 . s-1) 1.6 X 
Evaporation (cm/day) 1,s 2.3 
Rainfall (cm/day) 22 

2.9 x 10-3 

TABLE 4.-Kinetic energy generation and dissipation by surface drag 
friction for 1958 hurricane Daisy and experiment SS6 at S l d  hr 

Integrated values from 
model for radial inter- 
val 0-100 km at 312 hr 

Integrated values for 
hurricane Daisy for 
radial interval 0-60 

&mi. on Aug. 27, 1958 

Kinetic energy production (1014 kJ/day) 6. E 4 .6  
Kinetic energy dissipation by surface 

friction (10" kJ/day) 2.9 2.1 

TABLE 5-Experiments in  which the drag weficient is  varied during 
the immature stage of the model cyclone. The initial data for these 
experiments are from hour 168 of experiment 835. 

Experiment C D  cs= CL = CE c D / c E  

source of water vapor for the organized cumulus convec- 
tion is frictional comergence in the Ekman boundary 
layer. On the other hand, increased surface drag also 
leads to an increased dissipation of kinetic energy. 

Apparently, in the earlier stages of development where 
linear theory is valid, increased water vapor convergence 
dominates increased dissipation (provided that the static 
stability is not too large) and growth rates increase with 
increasing drag coefficients. 

However, as growth rates are increased through in- 
creases of the drag coefficient, the nonlinear effects should 
become significant earlier in the life cycle and linear 
theory should fail a t  an earlier point in the evolution of 
the cyclone. As a result, linear theory in itself is not 
sufficient for determining whether the ultimate intensity 
of the model cyclone will vary directly or indirectly 
with the drag coefficient. For this answer, we must resort 
to numerical experimentation. Ooyama's (1969) expen- 
ments indicate that the ultimate intensity decreases as 
the drag coefficient increases and the results of our ex- 
periments provide a similar conclusion. 

I n  the first group of these experiments, CD was vaned 
during the linear phase of the system. The initial data 
for these experiments are taken from hour 168 of the 
control. The calculations were continued from this point 
with the modifications in drag coefficient shown by 
table 5 and do not differ from S35 in any other way. In 
particular, the exchange coefficients for latent and sen- 
sible heat are evaluated as they were in the control 
[eq (311. 
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FIGURE 8.-Comparison of the maximum surface wind for experi- 
ment S35 with those for experiment Q3 [CD twice the value 
given by eq (3)] and Q5 [CD five times the value given by eq (3)]. 
See table 5 for details. Initial data for Q3 and Q5 are taken from 
hour 168 of S35. 
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FIGURE 9.-Comparison of maximum surface wind for experiment 
S35 with those for experiments Q17 [ C ~ = 0 . 7 5  of the .value given 
by eq (3)] and Q20 [CD=0.20 of value given by eq (3)]. See table 5 
for details. Initial data for Q17 and Q20 are taken from hour 168 
of s35. 

Figure 8 phows the result of increasing C, (exp. Q3 
and Q5) and, clearly, the early portions of these calcula- 
tions behave as predicted by linear theory. On the other 
hand, as suggested by the arguments earlier in this sec- 
tion, linear theory becomes invalid sooner with increasing 
CD and peak intensities are inversely related to  the drag 
coefficient. Figure 9 verifies that decreased drag coefficients 
(exp. Q17 andQ20) lead to  smaller growth rates but greater 
peak intensities. However, we should expect no growth at  
all when CD is decreased to  zero. 

A similar series of experiments for the mature stage of 
the storm is summarized by table 6. Here, the initial data 
are from hour 288 of the basic experiment. Increasing the 
drag coefficient (fig. 10) results in a weakening of the 
storm which appears to  vary directly with the amount by 
which CD is raised (exp. Q4 and Q6) .  It is noted that the 
latent heat release (rainfall) and the kinetic energy gen- 
eration are larger in Q4 and Q6 than in the control. 

2 For ease of expression, we will use terms such as "increase CD," "double CD," etc. 
Since CD is wind dependent [eq (3)], these terms may not be quite accurate. What we, in 
fact, mean is that the constants in eq (3) are increased, doubled, etc. 
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TABLE 6.-Experiments in  which the drag coeflcient is  varied during 
the mature stage of the model cyclone. The initial data are from hour 
288 of experiment SS6. 

Experiment C D  cs = cL= ca c D / c S  

s35 eq (3) eq (3) 1 
Q4 2Xeq (3) do. 2 
Q6 SXeq (3) do. 5 
Q15 0 do. 0 
Q1Q 0.75Xeq (3) do. 314 

288 336 
TIME IHOURSI 

FIGURE 10.-Comparison of maximum surface wind for experiment 
535 with those for experiment Q4 [CD twice the value given by 
eq (3)], Q6 [CD five times the value given by eq (3)], Q15 (Co=O), 
and Q19 [ C ~ = 0 . 7 5  of value given by eq (3)]. See table 6 for details. 
Initial data taken from hour 288 of S35. 

When the drag coefficient is reduced by 25 percent 
(exp. Q19, fig. lo), the maximum surface winds rise by 
about 7 mls. However, experiment Q15 (C,=O) indicates 
that a continued decrease in QD will not result in ever 
stronger peak winds. 

The response of the mature model storm to changes of 
CD is then fairly complex. Increased drag coefficients lead 
to greater rainfall and latent heat release but to weaker 
peak winds due to increased dissipation. If the drag coef- 
ficient is decreased, the maximum winds increase unless 
QD is made so small that the water vapor convergence at 
low levels becomes the dominant factor. In this case, 
reductions in drag coefficient result in reductions in the 
maximum winds. 

5. AIR-SEA EXCHANGE 
OF SENSIBLE AND LATENT HEAT 

Air-sea exchanges of sensible and latent heat have long 
been considered important ingredients in the development 
and maintenance of tropical storms. PalmBn (1948) 
showed, on a climatological basis, that tropical storms 
form primarily over warm ocean waters ( TS,,>26’6). 
Malkus and Riehl (1960) showed that the deep central 
pressures associated with hurricanes could not be ex- 
plained hydrostatically unless the equivalent potential 
temperature, Be, in the boundary layer was 10’ to 15’K 
greater than that of the mean tropical atmosphere. Byers 
(1944) pointed out that the observed near-isothermal 
conditions for inward spiraling air in the hurricane 

boundary layer required a source of sensible heat to 
compensate for the cooling due to adiabatic expansion. 
Ooyama (1969) argued that if the Oe of the boundary 
layer remained constant, the conditional instability near 
the storm center would soon be decreased as the storm’s 
warm core developed and that the vertical mean tempera- 
tures of atmospheric columns would be unlikely to increase 
further once the lapse rate became moist neutral. 

Despite these arguments and observations, the evapo- 
ration rates for hurricanes are very small compared to the 
lateral inflows of water vapor and, furthermore, the air- 
sea exchange of sensible heat is only a few percent of the 
latent heat release (Riehl and Malkus 1961, Malkus and 
Riehl 1960). As a result, controversy over the importance 
of these boundary layer processes continues (Dergara- 
bedian and Fendell 1970). 

Ooyama (1969) found drastic reductions in the strength 
of his model storm when the air-sea exchanges of sensible 
and latent heat were suppressed. He pointed out that at 
sufficiently large radii, the boundary layer is divergent 
(the so-called Ekman layer “sucking”). Examples of this 
feature from our model are illustrated by figures 5 and 7. 
This subsidence tends to decrease the boundary layer ee 
since aO,/dz<O in the lower troposphere. Ooyama argued 
that unless the energy supply from the ocean can again 
raise the Oe of the boundary layer air to sufficiently large 
values before the inflowing air reaches the inner region, 
the convective activity will diminish in those regions 
and, hence, the storm will begin to weaken. 

Ooyama’s line of reasoning can be extended to show that 
evaporation is far more important than sensible heat 
flux. The air sucked into the boundary layer has a higher 
potential temperature than the original boundary layer 
air. The subsiding air has a smaller 0, only because it is 
relatively dry. 

Experiments appropriate to the immature stage of the 
model storm are summarized by table 7. Results are given 
by figure 11. During the first 48 hr, the only experiments in 
this group that depart significantly from the control are 
those for which CD was altered (Q10 and $18). This is 
consistent with the linear theory described in the previous 
section and again verifies that frictional convergence of 
water vapor is the most crucial factor during the early 
stages of development. The small growth shown by ex- 
periment QlO (CD=O) is a result of the meridional circu- 
lation already established in experiment S35 and which, 
therefore, is present in the initial data for $10. Experiment 
Ql8 is nearly identical to $3 (table 5 and fig. 8) in which 
only CD was doubled. In experiment $11 where Cs and 
C, are doubled while C, is left as in the control, significant 
departures from the control are noted only after the mature 
stage is reached. 

Experiments $8 (Cs=O) and $9 (CL=O) support the 
extension of (Poyama’s argument offered earlier. When the 
sensible heat flux is suppressed, the model storm develops 
a peak intensity of 45 m/s in comparison to 50 m/s for the 
control. When evaporation is suppressed, the peak inten- 
sity is only 22 m/s. 

Experiments for the mature stage are listed in table 8 
and results are summarized by figure 12. Suppression of 
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TABLE 7.-Experiments that examine the relative importance of 
air-sea exchanges of sensible heat, latent heat, and momentum 
during the immature stage of the model cyclone. The initial data are 
from hour 168 of experiment 536. 

Experiment C D  cs CL 

S35 eq (3) eq (3) eq (3) 
QS 
Q9 do. eq (3) 
Q l O  0 do. eq (3) 
Q11 eq (3) 2Xeq (3) 2Xeq (3) 
Ql8 2Xeq (3) do. do. 

do. 0 do. 
0 

O!44 ib2 ' 240 248 3;6 
TIME (HOURS) 

FIGURE 11.-Comparison of maximum surface winds for experi- 
ments that  study the relative importance of air-sea exchanges 
of sensible heat, latent heat, and momentum during the immature 
stage of the model cyclone. Initial data are taken from hour 168 
of experiment S35. The experiments compared with the control 
are QS (Cs=O), Q9 (CL=O), QlO (Cn=O), Q11 (CS=CI,=~CD),  
and QlS (CS=C;.=O.~CO). Sec tablc 7 for details. 

the evaporation (exp. Q14) again leads to a more dramatic 
response than does cutting off the sensible heat supply 
(Q13). In  contrast to the immature stage, a greater 
departure from the control occurs in Q14 (CL=O) than in 
Q15 (CD=O). This is due to  the presence of a well-marked 
Ekman layer convergence in the initial data. The latter 
is able to maintain itself for some time after CD is set to 
zero. Indeed, as noted in section 4, small reductions in the 
drag coefficient during the mature stage lead to an 
intensijication of the system (exp. Q19, fig. 10, table 6).  

Experiment, Ql6 (cS=cL=2cD) shows the type of 
response to be expected of a mature hurricane moving 
over warmer waters. 

Despite the qualitative similarity of the wind maxima 
curves for Q14 and Q15 (fig. 12), the structural changes of 
the model storms are very different. In  experiment Q14 
where evaporation is suppressed, winds decrease every- 
where and the area covered by strong winds decreases 
in size. This is illustrated by figure 13 where the outer 
radial limit of gale-force winds (approx. 17 m/s) is plotted 
as a function of time. In contrast, when the surface drag 
is suppressed (Q15), the area covered by strong winds 
expands (fig. 13) as the peak wind decreases. This, of 
course, is due to the fact that air spiraling inward does not 
lose momentum to the sea and, hence, reaches a particular 

TABLE S.-Experiments that examine the relative importance of 
air-sea exchanges of sensible heat, latent heat, and momentum during 
the mature stage of the model cyclone. The initial data are from hour 
288 of experiment S36. 

Experiment C D  C S  CL 

- ,  
'240 288 336 384 

TIME (HOURS) 

FIGURE l2.-Comparison of maximum surface winds for experiments 
that  study the relative importance of air-sea exchanges of 
sensible heat, latent heat, and momentum during the mature 
stage of the model cyclone. Initial data are taken from hour 288 
of experiment S35. The experiments compared with the control 
are Q13 (Cs=O), Q14 (C,=O), Q15 (CD=O), and Q16 (CS=CL= 
2Co). See table 8 for details. 

25 
240 288 336 384 

TIME (HOURS) 

FIGURE 13.-Histories of the outer radial limit of gale-force winds 
for experiment Q15 ( C D = O ) ,  Q14 ( C L = O ) ,  and S35 (control). 
See table 8 for details. 

radius with tangential winds greater than those found in 
the control. 

The last two experiments to be discussed in this secbion 
are intended to simulate the passage of a mature hurricane 
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. .  
20 - 5 - 

- I I I I I I I  
200 300 312 324 336 

TIME (HOURS) 

FIGURE 14.-Maximum surface winds as a function of time for 
experiment L6 and L12. These experiments are intended to 
simulate a hurricane that makes landfall a t  hour 288. In L6, 
the storm is over land for 6 hr and returns to  water a t  hour 294. 
In L12, the storm is over land for 12 hr and returns t o  water a t  
hour 300. 

over an island. The initial data are again from hour 288 
of experiment S35. In  experiment L6, we set C,=C,=O 
and CD=10-2 for 6 hr and then restore the original 
evaluations for these quantities. Experiment L12 differs 
only in that the modified exchange coefficients are retained 
for 12 hr before the original formulations are restored. 
Experiment L6 is then intended to represent a hurricane 
which spends 6 hr over land before reiurning to the sea 
while L12 is intended to simulate a 12-hr stay over land 
with a subsequent reLurn to water. 

The results, summarized by figure 14, show rapid 
filling upon “land fall.” Comparisons of L6 and L12 
show the filling to  be most rapid during the earlier portion 
of t.he storm’s land fall. Reintensjfication is rapid when 
the storm returns to  “water.” In  experimpnt L6, the storm 
recovers its original intensity and structure (not shown) 
within 24 hr of its return to water. In  experiment L12, 
the recovery is somewhat slower but the intensity appears 
to be approaching that of the contIol when the calculation 
is terminated. The storm structure for L12 a t  hour 336 
(not shown) is very much like that of the control. 

6. SOME ARBITRARY ASPECTS OF THE MODEL 

Earlier, we pointed out that the length of the organiza- 
tional period u7as extremely sensitive to variations in the 
initial conditions. This point will receive further attention 
below. We will also discuss two other arbitrary aspects of 
the model, the radial extent of the computational domain 
and the lateral boundary conditions. 

In the first group of experiments (table 9), the com- 
putational domain is enlarged (exp. Cl6) and the scale 
of the initial perturbation is decreased (exp. Q l ) .  T o  
initialize (316, eq (6) is used for the inner 440 km. Beyond 
this radius, the initial temperatures are the standard 
values (table 1). As a result, the initial conditions for 
the inner 440 km are identical to  the control. Beyond 
440 km, the initial conditions are those of a stagnant 
mean tropical atmosphere. For experiment Q1, eq (6) 
with ;=220 km is used for the inner 220 kni and Ti , j=  T I  - 

TABLE g.-Experiments in which the size of the computational domain 
(Cf6‘) and the horizontal scale of the initial perturbation (Ql) are 
varied 

Experiment Domain size Perturbation size Initial maximum wind 

(km) (km) (m/s) 
s35 440 440 7 
C16 loo0 440 7 
Q1 440 220 6 

TIME (HOURS) 

FIGURE 15.-Maximum surface winds for experiment C16 (com- 
putational domain 1000 km in comparison to  440 km for S35) 
and experiment Q1 (initial perturbation half as large in horizontal 
extent as that  for S35). See table 9 for details. 

is used for the outer 220 km. This leads to a stagnant 
mean tropical atmosphere at  radii greater than 220 km. 

The maximum surface winds for these experiments 
(fig. 15) approach those of the control. The evolution of 
experiment @16 indicates that moving 1 he lateral boundary 
outward relative to the initial perturbation allows the 
storm to reach the mature stage more rapidly. Experi- 
ment $1 introduces two conflicting effects. By reducing 
the scale of the initial perturbation, the active perturba- 
tion is removed from the lateral boundary in a fashion 
somewhat analogous to  @16. However, this reduction in 
scale also increases the importance of the lateral mixing 
terms (Ooyama 1969). The calculations show $1 t o  have 
a period in which growth is more rapid than the control, 
followed by a longer period in which growth is slow and 
uncertain, This model st30rm does not reach a mature 
steady state until well after the control does. Qualitai ively 
similar results were obtained by Ooyama (1969). 

Despite the evolutionary differences, table 10 shows the 
mature stages of the three model cyclones to be remarkably 
similar. We tentatively conclude that the structure and 
intensity of the mature stage is relatively insensitive to  
the size of the computational domain and the scale of the 
initial perturbation with the boundary conditions used 
here. The time required to reach the mature stage, how- 
ever, is highly sensitive to these parameters. In  section 3, 
similar results were obtained when the intensity of the 
initial perturbation was varied (exp. $2, fig. 2). 

3 It must, however, be kept in mind that, if the initial perturbationis made sufficiently 
small in scale, the lateral mixing t e r m s  will become dominant and, according to linear 
theory, the system will decay rather than grow. 
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TABLE lO.--Summary of surface structure at hour SS6 of experiments 
536, Q1, and C16 

Experiment Radius of Outer limit of Outer limit of 
nreximum wind hurricane-force winds gale-force winds 

1 

TABLE 11 .-Ezperiments (60-lhn radial resolution) which m p a r  
the effects of domain size and lateral boundary conditions 

Experiment Domain size Lateral boundary Initial perturbation 
condition 

(b) 
C17 440 open 836 

closed Do. 
open Do. c19 loo0 

c20 loo0 closed Do. 
c21 2ooo open Do. 
C22 2ooo closed Do. 

C18 Yo 

The 440-km computational domain, used extensively 
in our experiments (Rosenthal 1969, 1970a, 1970b) , was 
selected at  a very early stage in the design of the model 
(Rosenthal 1969), based on a need for computational 
economy. With the selection of this rather limited domain, 
it was realized that lateral boundary conditions would 
be extremely important. It was clear that the model 
hurricane could not be treated as a mechanically closed 
system since this would force the outflow air to sink 
relatively close to  the storm center and the attendant 
adiabatic warming would inhibit the development of a 
warm core system. Empirically, it is well known (Riehl 
1954) that upper tropospheric flow patterns that inhibit 
the escape of outflow air from the near vicinity of tropical, 
disturbances generally are unfavorable for further storm 
development. The lateral boundary conditions of zeros 
for the vertical component of relative vorticity, horizontal 
divergence, and radial gradient of potential temperature 
were introduced at  the very beginning of our experimental 
program (Rosenthal 1969). The lateral boundary condi- 
tion of zero radial gradient of specific humidity was 
added at  a later date (Rosenthal 19706) when the explicit 
water vapor cycle was added. One would hope that it 
would be possible to reduce the impact of the exact form 
of the lateral boundary conditions by making the compu- 
tational domain larger. The material presented below 
indicates that, if such a domain size exists, it is well in 
excess of 2000 km. To establish this, comparisons were 
made between experiments with the original boundary 
conditions and experiments in which the lateral boundary 
conditions were approximately those of a smooth, insu- 
lated wall. The mathematical expressions are identical 
to the original ones with the exception that the zero for 
horizontal convergence is replaced by a zero for the radial 
wind. 

A first experiment with the new (closed) boundary 
conditions (exp. CCl), otherwise identical to  the control, 
was carried to 504 hr and showed continuous decay from 
the initial state. In  a second experiment (ClO), the 
computational domain was increased to  1000 km but 
the intensity and scale of the initial perturbation were 
the same as for the control. With the exception of the 
lateral boundary conditions, this experiment is identical 
to  c16 (fig. 15, table 9). The results showed a peak 
intensity of 21 m/s at  384 hr followed by rapid decay. 

Since extensions of the computational domain beyond 
1000 km with a 10-km radial resolution would have 
required substantial modifications of the computer pro- 
gram, a new series of experiments (table 11) with 20-km 

FIGURE 16.-Comparisons of the 'ultimate intensity attained by 
model cyclones with open lateral boundaries (C17, C19, and C21) 
and model cyclones with closed lateral boundaries (ClS, C20, 
and C22) as a function of the radial extent of the computational 
domain. See table 11 for details. 

radial resolution was carried out? Figure 16 summarizes 
the results of these experiments. 

Experiment ClS (closed, 440-km domain), identical to 
CC1 except for radial resolution, also showed monotonic 
decay (for 504 hr) from the initial conditions. With open 
boundary conditions, an increase in domain size from 
440 to  1000 km produced virtually no change in peak 
intensity. This is similar to  the result obtained above 
with 10 km resolution. However, a further increase in 
domain size from 1000 to 2000 km produced a reduction 
in peak wind of 6 m/s. 

The experiments with closed boundaries showed a 
marked linear increase of peak winds with domain size 
(if we are allowed to include exp. ClS where peak wind 
occurs a t  the initial instant) of about 16 m/s per 1000 km. 
Linear extrapolation of the two curves on figure 16 (there 
is, of course, no guarantee that this is valid) shows a 
crossing point a t  a domain size of 2500 km. If the curve for 
closed systems is extrapolated to  a peak wind of 50 m/s 
(that given by the open boundary exp. S35, C17, and (3191, 
this occurs with a domain of about 3000 km. 

With 1000-km domains, the open system (C19) reaches 
its greatest intensity at  hour 264 whereas the closed system 
(C20) does not attain maximum intensity until hour 408. 
With the 2000-km domain, peak surface winds occur at  
hour 264 for both sets of boundary conditions (exp. C21 
and (322). 

Aside from those described above, several other experi- 
ments with the closed boundary conditions were run. The 

4 I t  is not our purpose here to study errors due to radial resolution (see Rosenthal 
1970a, 19706) and we will not compare the members of the iUkm series with the analogous 
l@km experiments. 
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results of these may be summarized as follows. With a 
computational domain of 1000 km, peak intensity is 
strongly dependent on the scale of the initial perturbation 
(this conflicts with the results obtained with open bound- 
aries). As the scale of the initial perturbation decreases, 
peak intensity increases until the scale becomes sufficiently 
small for lateral mixing to dominate. Thereafter, further 
reduction in scale results in decreases of peak intensity. 
When the domain size is increased to 2000 km, however, 
the ultimate intensity is relatively insensitive to  the scale 
of the initial perturbation provided that the latter is not 
sufficiently small to allow the lateral mixing terms to be- 
come dominant. 

In  agreement with the results obtained with open bound- 
aries, the ultimate intensity of model storms with closed 
boundaries is relatively insensitive to the strength of the 
initial perturbation. 

7. SUMMARY AND CONCLUSlONS 
The experiments can be placed in two broad categories. 

Those discussed in sections 4 and 5 are mainly concerned 
with responses to  variations in physical parameters and 
attempt to  gain deeper insight into the dynamics of 
tropical cyclones. The experiments discussed in section 6 
are mainly concerned with computational aspects. These 
are intended to reveal the biases introduced by some of the 
arbitrary decisions which were necessary in the design of 
the model. 

The physical parameters examined were those that 
control the air-sea exchanges of momentum, sensible heat, 
and latent heat. Many of these experiments yield results 
in qualitative agreement with experiments performed by 
Qoyama (1969). In  view of the differences between the 
physical and numerical details of the two models, this is 
an important result that lends credence to both models. 

Perhaps the most striking aspect of the experimental 
results is the overwhelming dominance, in the immature 
stage, of the drag coefficient in comparison to  the analogous 
exchange coefficients for sensible and latent heat. This 
was most vividly portrayed by figure 11. Here, the only 
significant departures from the control, during the first 
48 hr of integration, are in the calculations where the drag 
coefficient was altered (exp. QlO and $18). 

The air-sea exchange of latent heat was shown to be a 
crucial ingredient for development and maintenance of 
the model storm. It was also found to be far more import- 
ant than the analogous exchange of sensible heat. A simple 
extension of Ooyama’s (1969) discussion of boundary 
layer processes (see section 5) provides a plausible ex- 
planation for this result. 

Experiments in the immature stage showed that linear 
theory can be somewhat misleading. While, as predicted 
by linear analysis, the rate of growth during the early 
periods increased with increasing drag coefficient, the 
ultimate intensity reached by the model storm varied 
inversely with the drag coefficient (figs. 8 and 9). In the 
mature stage, small decreases of drag coefficient lead to 
stronger peak winds but when the drag coefficient was 
reduced to zero the peak winds diminished (fig. 10). 
In  the latter situation, it appears that there is insufficient 

low-level convergence of water vapor to sustain the re- 
quired convection in the storm core. 

The computational experiments revealed a number of 
interesting points that will be useful in the design of 
future experiments with tropical cyclone models. With 
open lateral boundaries and the standard 440-km compu- 
tational domain, the intensity and structure of model 
cyclones, when they reached the mature stage, were 
relatively insensitive to the scale and intensity of the 
initial vortex (provided that the scale was not so small 
as to allow lateral mixing terms to become dominant). 
The time required to  reach the mature stage was, however, 
highly sensitive to initial conditions. 

When the size of the computational domain was in- 
creased to 1000 km (open lateral boundary) while re- 
taining the initial vortex used for the control, the structure 
and intensity of the mature model cyclone was again 
virtually the same as for the control. A further increase in 
domain size to 2000 km resulted in a 6 m/s reduction of 
the mature stage peak winds. The structure of the mature 
cyclone was, however, quite similar to that of the control. 

As was to be expected, the lateral boundary conditions 
proved to be extremely important in determining the life 
cycle of the model storm. When the zero for horizontal 
divergence was replaced by a zero for the radial wind, thus 
converting the open system to one that was mechanically 
closed, an experiment, otherwise identical to the control, 
showed monotonic decay from the initial conditions. By 
increasing the size of the computational domain, it was 
possible to  generate developing model cyclones (closed 
boundaries). These systems (fig. 16) showed a strong 
relationship between peak intensity and domain size. 

The results summarized by figure 16 suggest that cliffer- 
ences due to  boundary conditions might be minimized 
if the domain size were enlarged to something between 
2000 and 3000 km. This, however, cannot be guaranteed 
since no experiments were run with domains larger than 
2000 km. 
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